ABSTRACT Species identiÞcation of mosquitoes (Diptera: Culicidae) based on morphological characteristics remains often difÞcult in Þeld-collected mosquito specimens in vector-borne disease surveillance programs. The use of DNA barcodes has been proposed recently as a tool for identiÞcation of the species in many diverse groups of animals. However, the efÞcacy of this tool for mosquitoes remains unexplored. Hence, a study was undertaken to construct DNA barcodes for several species of mosquitoes prevalent in India, which included major vector species. In total, 111 specimens of mosquitoes belonging to 15 genera, morphologically identiÞed to be 63 species, were used. This number also included multiple specimens for 22 species. DNA barcode approach based on DNA sequences of mitochondrial cytochrome oxidase gene sequences could identify 62 species among these, in conÞrmation with the conventional taxonomy. However, two closely related species, Ochlerotatus portonovoensis (Tiwari & Hiriyan) and Ochlerotatus wardi (Reinert) could not be identiÞed as separate species based on DNA barcode approach, their lineages indicating negligible genetic divergence (Kimura two-parameter genetic distance ϭ 0.0043).
Description and study of biodiversity is an important aspect to understand the intricate evolutionary trends of life. Linnaean classiÞcation of animals and plants remains as an important step made toward this goal, and with that commenced the systematics based on morphological characteristics, which is being followed for more than two centuries. However, only Ϸ10% of extant species on earth (10 Ð15 million) are known to science so far (Besansky et al. 2003 , Pennisi 2003 .
Recent studies on DNA-based approaches show a promising trend in the rapid description of biodiversity (Hebert et al. 2003a; Hebert and Gregory 2005) . HebertÕs approach to DNA barcode the entire animal kingdom based on single gene could be advantageous, being economic and practicable, provided the analysis of the DNA sequences of this gene may yield a useful tool for species identiÞcation in different species of the Animal Kingdom. The mitochondrial genome was selected for this approach, owing to its advantages such as maternal lineage, lack of recombination, lack of "indels," and higher mutation rates (Saccone et al. 1999) . Among the mitochondrial genes, cytochrome c oxidase subunit 1 (COI) is reported to be the most conserved gene in the amino acid sequences and hence has distinct advantage for taxonomic studies (Knowlton and Weigt 1998) . However, differences of opinion exist in adopting this technology toward species identiÞcation, and the ongoing studies on the construction of barcodes of life (Ballard and Whitlock 2004, CBOL 2005) . So far, this methodology had been used to testify the identiÞcation of widely varied animals as Lepidoptera (phylum Invertebrata, class Insecta) (Hebert et al. 2003a (Hebert et al. ,b, 2004a Hajibabaei et al. 2006) , birds (phylum Vertebrata, class Aves) (Hebert et al. 2004b) , and tachinid parasitoids successfully. Also, this methodology is being currently followed for barcoding animals of different groups such as Þshes and primates (CBOL 2005 , Lorenz et al. 2005 .
However, no studies exist on the utility of DNA barcodes for identiÞcation of mosquitoes, which comprise Ϸ3,500 species globally. The morphological identiÞcation keys used currently for identiÞcation of mosquitoes are mainly speciÞc to few developmental stages (imaginal and fourth instars) only, which makes it difÞcult to identify other stages of development collected in the Þeld, without rearing them in the laboratory. Also, many adult specimens collected in routine disease surveillance programs get damaged (they loose important identiÞcation characteristics such as bristles and scales) and hence are impossible to identify. In addition, existence of sibling species has further complicated the species identiÞcation of mosquitoes. These sibling species are morphologically indistinguishable and could be identiÞed only by cytotaxonomically using polytene chromosomes, speciÞc to certain tissues in particular developmental stages.
Hence, standardization of tools that could identify mosquito species even from a small piece of tissue from any developmental stage would be of importance for the taxonomy of mosquitoes. Construction of DNA barcodes for each species of mosquito would provide an important tool for identiÞcation of mosquito species and may enable description of the species biodiversity of this important group of insects. Here, we present the Þrst report on construction of DNA barcodes for 63 species of mosquito species prevalent in India. Multiple specimens, collected from different regions of the country also were included in the study. Together, data on 111 DNA sequences of mosquito specimens collected from different regions of India was used in the study.
Materials and Methods
Mosquito Specimens. Mosquito specimens used for constructing DNA barcodes were from collections made from different states for mosquito biodiversity study in India. Larval and adult collections of mosquitoes were done in the Þeld. When larvae were collected, they were reared individually to adults, and associated larval and pupal skins were mounted. The emerged adults were identiÞed morphologically and assigned a museum identiÞcation number and were used for DNA extraction with the corresponding larval and pupal skins deposited as voucher specimens in the Vector Control Research Centre Mosquito Museum (Rajavel et al. 2005) . When collected as adults, females were isolated for oviposition, and the F 1 generation adults were used for DNA extraction, with the corresponding larval and pupal skins deposited in the museum. In a few adults, DNA was extracted using legs of one side, with the adult retained in the museum as voucher specimen. When male specimens were used for DNA extraction, the genitalia was mounted and deposited in the museum. Species identiÞcation was done based on taxonomic keys (Christophers 1933 , Barraud 1934 , Huang 1972 , Sirivanakarn 1976 , Harrison 1980 , Reuben et al. 1994 . In sibling species complexes, specimens used were sensu lato, except for Anopheles subpictus complex, which included both sensu lato and morphologically identiÞed specimens (Suguna et al. 1994) .
DNA Extraction and Polymerase Chain Reaction (PCR). Total DNA from individual mosquitoes was extracted following a modiÞed method proposed by Collins et al. (1987) . The DNA were pelleted, dissolved in water, and subjected to a phenol chloroform isoamyl extraction followed by chloroform. DNA were precipitated using NaAc/ethanol and dissolved in 30 l of deionized water (Sigma-Aldrich, St. Louis, MO).
PCR was performed to amplify the 5Ј COI region of mitochondrial DNA by using the following cycle in a Bio-Rad iCycler. PCR conditions were as follows: an initial denaturation of 5 min (95ЊC) was followed by Þve cycles of 94ЊC for 40 s (denaturation), 45ЊC for 1 min (annealing), and 72ЊC for 1 min (extension) and 35 cycles of 94ЊC for 40 s (denaturation), 51ЊC for 1 min (annealing), 72ЊC for 1 min (extension), and a Þnal extension at 72ЊC for 10 min. The 50-l reaction included 1.5 U of Thermus aquaticus polymerase, 5 l of 10ϫ PCR buffer, 2.5 mM magnesium chloride, 2.5 l of Q solution (QIAGEN GmbH, Hilden, Germany), and 0.5 l of 10 pmol each of forward and reverse primers, along with the DNA of the mosquito species. A Blast search with the conserved DNA primers proposed by Hebert et al. (2003a) did not yield desirable similarity for different sequences of COI region of mosquitoes available with the GenBank. Hence, initially the primer set C1J-1718 (forward) and C1N-2191 (reverse) described by Simon et al. 1994 was used in the study. However, this DNA primer set could amplify only Ϸ500 bp of COI DNA, and there was difÞ-culty in amplifying COI region of different genera used in the study. Hence, as proposed in the DNA Primer Design section of Laboratory Protocol for COI AmpliÞcation (CBOL 2005), a consensus DNA primer which could amplify Ϸ700 bp of the COI was designed using Primer3 software (Whitehead/MIT Center for Genome Research, Cambridge, MA). Because the ampliÞed product of these DNA primers spans the region ampliÞed by the earlier primers (Simon et al. 1994) and that of HebertÕs 648-bp region, this DNA primer set was used subsequently in the study. Details of both the primer sets used in the study are as follows: 1) DNA primers (Simon et al. 1994) : forward primer, 5Ј-GGAGGATTTGGAAATTGATTAGTT-3Ј and reverse primer, 5Ј-CCCGGTAAAATTAAAATATA-AACTTC-3Ј; and 2) DNA primers designed in the current study: forward primer, 5Ј-GGATTTGGAAAT-TGATTAGTTCCTT-3Ј and reverse primer, 5Ј AAAAATTTTAATTCCAGTTGGAACAGC 3Ј. These DNA primers were custom synthesized by Metabion (Martinsried, Germany) and were high-performance liquid chromatography puriÞed.
DNA Sequencing and Analysis. The ampliÞed fragments were run on a 1% agarose gel to check the integrity of the fragments and the PCR product was puriÞed by QIAGEN GmbH PCR puriÞcation kit. The puriÞed products were eluted to 20 l of deionized water, and a portion of it was lyophilized in a Speed Vac concentrator (Thermo Electron Corporation, Waltham, MA) and was shipped to MWG (Edersberg, Germany/Microsynth, Balgach, Switzerland) for custom sequencing. Both reads (from forward primer as well as reverse primer) were done, and the sequences were analyzed as follows. The DNA sequences were subjected to alignment using ClustalW. Sequence divergences among individuals were quantiÞed by using the Kimura two-parameter distance model (Kimura 1980) . A neighborhood joining (NJ) tree of K2P distances was created to provide a graphic representation of the clustering pattern among different species (Saitou and Nei 1987, Hajibabaei et al. 2006) . These analyses of the sequences were conducted using MEGA version 3.1 software (Kumar et al. 2004) .
Results and Discussion
All DNA extractions were done using adults, of which 70 were female and 41 were male. Of these adults, 65 were reared to adults from larval and three from pupal collections, 25 were F 1 adults obtained from females collected in the Þeld, and 18 were adults from the Þeld and from which only the legs were used for DNA extraction. Larval habitats from which specimens were obtained ranged from groundwater habitats to both natural and artiÞcial container habitats, whereas adults were collected resting in various sites, those landing on humans to bite, and those caught in light traps. The specimens used in this study represent distribution in eight states and union territories of India. In total, 111 DNA sequences were deposited with the GenBank. Collection details including habitat, geocoordinates of localities, voucher specimens, and GenBank accession numbers of specimens are given in Table 1 . Gene Sequences, Nucleotide and Amino Acid Diversity, and Genetic Distances. The DNA sequences ampliÞed using the primers C1J-1718 and C1N-2191 were Ϸ500 bp, whereas the sequence with the primer MTFN and MTRN designed by us was Ϸ700 bp. The latter sequence included the former sequences and hence 500 bp was taken for the analysis. This region corresponded to the 5Ј region of COI gene. The sequences were AT rich for the mitochondrial genome, the G ϩ C content being 0.316. The mean genetic distance (K2P) computed for the different species of Culicidae belonging to 15 genera studied was found to be 0.1469. The NJ tree showed 62 species clusters clearly among the sequences studied, thus identifying 62 species among the specimens analyzed (Fig. 1) Table 2 , supplemental data available online). Hence, this study denoted that the K2P genetic distances were Ͼ0.02 between different species studied for Culicidae, as cited elsewhere for other group animals (Hebert et al. 2003a,b) . However, the K2P value between two very closely related species, Ochlerotatus wardi (Reinert) and Ochlerotatus portonovoensis (Tewari & Hiriyan), was only 0.0043; thus, they were not identiÞed as separate species. More samples of these species may have to be analyzed before arriving at a conclusion regarding their species status.
The average K2P value of 0.1469 exhibited by Culicidae is similar to that recorded for Lepidoptera (Hajibabaei et al. 2006) . Also, the COI gene was found to be very conserved, as described previously (Knowlton and Weigt 1998), the deduced amino acid variability being only 0.0329. This value indicated the utility of this gene for taxonomy of Culicidae, because it provides ample nucleotide variability toward species identiÞcation and its conserved nature for higher orders of taxonomic strata (Hebert et al. 2003a) .
The seven specimens of Anopheles subpictus Grassi used in the study included four sensu lato specimens, two specimens identiÞed as species B and one specimen identiÞed as species A based on egg ridge num- bers. The nucleotide diversity between the specimens identiÞed as species A and species B was 11.3%, indicating them to be very distinct from each other. The sensu lato specimens matched with the clade of species A and hence could be the same species. Thus, this study evinced that the DNA barcode approach could distinguish members of sibling species complexes in insects as reported elsewhere (Hebert et al. 2004a) . Unfortunately, the issue of sibling species complexes could not be addressed further in this study, due to lack of identiÞed specimens for not only other members of An. subpictus complex but also for sibling species complexes such as An. culicifacies, An. fluviatilis, and An. minimus. We propose to deal with this aspect in the future.
The current study indicates the utility of using single-gene sequences (5Ј region of mitochondrial cytochrome oxidase subunit one gene), toward identiÞ-cation of the mosquito species. The NJ tree computed was in general agreement with the taxonomy based on morphology as reported previously (Hebert et al. 2003a (Hebert et al. ,b. 2004a Hajibabaei et al. 2006) .
